As one of the most important elements in linear transformer driver (LTD) based systems, the gas pressurized closing switches are required to operate with a very low prefire probability during the DC-charging process to ensure reliable operation and stable output of the whole pulsed power system. The most direct and effective way to control the prefire probability is to select a suitable working coefficient. The study of the development characteristics of the initially generated electrons is useful for optimizing the working coefficient and improving the prefire characteristic of the switches. In this paper an ultraviolet pulsed laser is used to generate initial electrons inside the gap volume. A current measuring system is used to measure the time-dependent current generated by the growth of the initial electrons so as to study the development characteristics of the electrons under different working coefficients. Experimental results show that the development characteristics of the initial electrons are influenced obviously by the working coefficient. With the increase of the working coefficient, the development degree of the electrons increases consequently. At the same times, there is a threshold of working coefficient which produces the effect of ionization on electrons. The range of the threshold has a slow growth but remains close to 65% with the gas pressure increase. When the working coefficient increases further, γ processes are starting to be generated inside the gap volume. In addition, an optimal working coefficient beneficial for improving the prefire characteristic is indicated and further tested.
Introduction
The linear transformer driver (LTD) is a modern technique implemented in pulsed power facilities, which can produce high-voltage, high-current, 100 ns rise time output pulse without any supplementary pulse-compression being required [1, 2] . However, an LTD-based system for inertial fusion research, flash x-ray radiography or other Z-pinch applications may require as many as 50 000 gas pressurized closing switches [3, 4] . These air-insulated switches are usually firstly DC-charged to a voltage lower than the breakdown voltage and then triggered by an external trigger pulse. Therefore, the performance of an LTD strongly depends on the characteristics of these gas pressurized closing switches [5] [6] [7] [8] [9] [10] . Improving the performance of gas switches is the most important and difficult issue when LTD-based systems are developed.
The phenomenon of prefire in a closing switch is an accidental self-breakdown during the DC-charging process which is highly undesirable. In a large-scale LTD-based system, a single switch with a high prefire probability will lead to an unacceptable total prefire probability, which will seriously restrict the reliable operation and the stable output of the whole system. As a result, many investigations have been already conducted on the prefire probability of gas switches. Woodworth et al [11, 12] and Kim et al [13] have studied and tested the prefire probability of several typical LTD gas switches. Li et al have calculated the prefire probability of gas switches under different working condition through probabilistic analysis [14] . Moreover, Leckbee et al [15] and Liu et al [16] have studied the influence of prefire on the performance of LTDs. However, little attention has been paid to the causes and control methods of the prefire phenomenon. From the point of view of gas discharge, the phenomenon of prefire will occur when the number of initial electrons increases and reaches the breakdown threshold during the DC-charging process. It has been considered that the prefire probability increases while increasing the working coefficient i.e., the ratio of the DC-charged voltage to the self-breakdown voltage. Therefore, the most direct and effective way to optimize the prefire probability is to select a suitable working coefficient, which can control the development degree of initial electrons in gas switches. Hence it is necessary to study the influence of working coefficient on the development characteristics of initial electron, so that an optimal working coefficient can be found.
For the above reasons, this paper focuses on the development characteristics of initial electrons under different working coefficients. An experimental method to study the development of initial electrons is proposed. An experimental arrangement, which mainly includes an UV pulsed laser and a current measuring system, is also established. The development characteristics of initial electrons are studied under typical working conditions in which the gas pressurized closing switches are operated in an LTD. Based on the experimental results, an optimal working coefficient is determined and further tested.
Experimental setup
In the present experimental arrangement, an ultraviolet pulsed laser is used to produce initial electrons by initiating a photoelectric effect in the cathode. Currents generated by the motion and growth of the electrons are measured for studying the development characteristics of these initial electrons under different working coefficients. The photoelectric effect, which is an effective way to generate initial electrons, can not only produce stable and controllable electrons but also does not change the gap structure and the electric field distribution [17] [18] [19] . The ultraviolet pulsed laser used in the experiment is a Nd:YAG laser, with a wavelength of 355 nm, a pulse width of 30 ps and an output energy of up to 12 mJ. The cathode material is aluminum. Figure 1 is a schematic view of the experimental arrangement. A positive DC voltage is applied to a 40 nF capacitor through a damping resistor of 1 MΩ. The capacitor is also connected to the upper plate of the discharge chamber. The discharge chamber has a cuboid shape with a size of 150×150×115 mm 3 and is composed of an upper plate, an anode, a cathode and an organic glass shell. The UV pulsed laser is focused on the center of the cathode through reflectors, a focusing lens and an UV quartz glass placed on the shell. Under the influence of the electric field, electrons move to the anode and induce a time-dependent current in the external circuit. It is worth mentioning that the drift velocity of electrons is much larger than that of the ions, so the ionic component of the current can be neglected during the transit time of electrons [17] .
The time-dependent current is measured by a system which is shown in figures 2 and 3. The measuring system is made of a fragmented cathode and a signal resistor. The fragmented cathode is formed from two concentric plates, with diameters of 20 mm and 90 mm, respectively. The two concentric plates are separated by an insulator and the distance between them at the cathode surface is 0.1 mm. The signal resistor, which is composed of four 200 Ω resistors mounted in parallel, is connected with the inner cathode and the grounded outer cathode. When the current flows through the signal resistor, the voltage drop is recorded using an oscilloscope (Tektronix 4104). The equivalent circuit of the measuring system is shown in figure 4 where C 1 is the capacitor from the inner cathode to the anode, C 2 is the capacitor from the outer cathode to the anode, R d and Z m are the damping resistor and the signal resistor, and U 1 is the DC voltage [17] . I g is a current source, which represents the current produced by the motion and growth of the initial electrons. The current I g can be expressed as
where n 0 is the number of initial electrons, q 0 is the elementary charge, v e is the drift velocity of electrons, T e =d/v e is the transit time of electrons through the gap with a length of d, and a is the effective ionization coefficient. In the circuit above, the voltage u z generated across the signal resistor can be represented by the following equation
Using equations (1) and (2), the current I z flowing through the signal resistor can be obtained as
where K c is given by
It can be seen from equation (3) that the measured current I z is not related in any way to C 2 . In typical DC-withstanding conditions of LTD gas switches, a is about 0-10 cm −1 , the magnitude of v e is 10 7 cm s −1 and C 1 is several Pico-Farad. Under these conditions K c ≈1, which means the measured current I z is equal to I g .
Using the method described above, a series of experiments were performed to study the development characteristics of the initial electrons inside the switch. During the tests the discharge chamber was filled with dry air at an absolute pressure between 0.1 and 0.4 MPa, the working coefficient was from 50% to 75% and the gap distance was set to 5 mm. These parameters are typical under the working conditions of LTD gas switches [3, 4] . Before the formal experiment was performed, a self-breakdown experiment was done to determine the self-breakdown voltage U b of the gap which allowed the working coefficient k to be estimated as
Results and discussion

Development characteristics of initial electrons
Typical waveforms of electron currents for various working coefficients k are shown in figure 5 . The current signals are obtained when the gap was operated at an absolute pressure of 0.1 MPa. In order to clearly observe the change of the current in amplitude and width, waveforms for k selected between 52.6% and 60.7% are also shown separately in figure 5 . At the same time, the electric charge Q e transferred from the cathode to the anode is obtained by integrating the current waveforms.
The variation with k of the electric charge Q e is shown in figure 6 . shows that by increasing k, the peak of the current waveform increases. The amplitude of the electric charge Q e also increases when k increases from 52.6% to 56.7%, while the width of the current decreases. When k changes from 56.7% to 60.7% the width becomes smaller. At the same time, Q e nearly remains the same and results in a 'plateau', easily observed on the curve of figure 6. It can be concluded that, in this domain of k, the number of electrons remains nearly unchanged. When k is greater than 60.7%, the amplitude of the current and the corresponding Q e both greatly increase.
The variation of the current waveforms with k is mainly caused by the growth and development of electrons, which is influenced essentially by the electric field strength E and the effective ionization coefficient .
a Experiments demonstrated that the number of electrons remains unchanged when k is between 56.7% and 60.7%, which means that the electric field has no effect of ionization on electrons and a is close to zero. Under these conditions, the drift velocity of electrons v e increases with the increase of k. As a result, the amplitude of the current increases, while the width becomes shorter. This is consistent with the variation of the current as presented in figure 5 . When k is lower than this range, a is less than zero because the process of attachment and combination is more intense than ionization. When k is larger than 60.7%, the electric field gradually has the effect of ionization on the electrons and therefore the number of electrons greatly increases within this range. Similar tendencies that Q e first increases slightly but then remains unchanged and after that it has a rapid growth with the increase of k, have been obtained under the gas pressure varied from 0.1 to 0.4 MPa.
With a further increase in the working coefficient, the growth of electrons becomes more intense. When k exceeds a certain range, new generations of avalanches obviously appear in the gap. A typical current waveform produced by multiple generations of avalanches is shown in figure 7 . It can be seen that, after a first peak of the current results from the first generation of avalanche initiated by UV irradiation, several small peaks appear subsequently. It is suggested that when the first avalanche reaches and is absorbed in the anode, new generations of avalanches will emerge through the γ process, which encourages the discharge process to continue [18, 20] .
The threshold of ionization
It can be seen from the experimental results presented above that the working coefficient has a significant influence on the development characteristics of the initial electrons. At the same time there is a threshold of the working coefficient, k i , which produces the effect of ionization on the initial electrons. The range which contains k i , not the exact value, is obtained experimentally. On the one hand the step size of the DC voltage in the experiment can't make k increase at a step of 1% or less. On the other hand, a range of working coefficient is useful enough in practical applications. The method for obtaining the range of k i is as follows: selecting the right endpoint of the 'plateau' and the next point, k corresponding to these points can be seen as the lower and upper limit of k i . According to the previous analysis, electrons at the right endpoint of the 'plateau' can not grow effectively, while they will grow at the next point. Consequently, k i is included in this range.
The range of k i under the absolute gas pressure of 0.1-0.4 MPa is obtained and shown in figure 8 . It is seen that the range of k i has a slight growth with the increase of gas pressure. For example, the range is from 60.7% to 64.8% at a pressure of 0.1 MPa and it is from 64% to 67.8% at a pressure of 0.4 MPa. In general, k i remains close to 65% under the typical gas pressures of LTD gas switches.
The working coefficient k i can be validated by the value of effective ionization coefficient. Salam [21] and Kuffel [22] provide the calculation formula for α/p and the measured data of η/p in dry air, where α, η and p are ionization coefficient, attachment coefficient and gas pressure. In order to explain it in depth, an example is made under the absolute pressure of 0.1 MPa. The value of α and η versus electric filed strength E are shown in figure 9 . It can be seen that α increases with the magnitude of E, while η becomes smaller.
The working coefficient corresponding to the crossover point of the two curves can be considered as k i . In this figure, the electric filed strength at the crossover point is 21.93 kV cm The working coefficient k i is useful to guide the selection of working coefficient and improve the prefire characteristics of the LTD gas switches. In the DC-withstanding process of gas switches, initial electrons emerge unavoidable in the gap through the process of field-emission, natural environment radiation and so on. In addition, the existence of whiskers, impurities and oxide layers on the cathode, also lead to emission of electrons at lower voltage. When the working coefficient is set near k i , initial electrons cannot grow effectively in the gap. As a result, the number of electrons cannot reach easily to the breakdown threshold, which means the prefire phenomenon has a very low probability. When the working coefficient is higher than k i , initial electrons can grow effectively. The higher of the working coefficient, the more intense is the ionization, increasing the prefire probability of the switch.
In order to verify the practicability and rationality of this working coefficient, experiments were done on a multi-gap gas switch used for LTDs. The switch, which has six 5 mm distance gaps and filled with dry air, is shown in figure 10 [9] . In the experiment, the working coefficient of the switch was set to 65%. The switch was DC-charged to ±100 kV and then it was triggered by a trigger pulse of 70 kV. The pressure in the switch was 0.4 MPa. Results show that the prefire probability of the switch is 5×10 −5 in 50 000 shots with a jitter of 4.8 ns, which exhibits a better working performance compared to the switches with a prefire probability of 2×10 -4 in several thousand shots when the working coefficient is higher than 70% [11, 12] . 
Conclusions
To optimize the working coefficient as well as to improve the prefire characteristics of gas switches, the influence of working coefficient on the development characteristics of initial electrons is studied. The results show that the working coefficient has a significant influence on the development characteristics of initial electrons. With the increase of working coefficient k, the development degree of initial electrons increases consequently. New generations of avalanches will emerge in the gap through the γ process when k increases further. At the same time, it is found that there is a threshold of working coefficient k i which produces the effect of ionization on initial electrons. The range of k i has a slow growth with the increase of gas pressure but it remains close to 65% when the pressure is varied from 0.1 MPa to 0.4 MPa. In order to verify the practicability of k i which can improve the prefire characteristic, a multi-gap gas switch with a working coefficient of 65% was tested. The results show that the switch exhibits a good working performance. In a future work the physical mechanisms responsible for causing the prefire in gas switches will be studied further.
